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1
ANALOG-TO-DIGITAL CONVERTER

CROSS-REFERENCE TO RELATED
APPLICATION(S)

This U.S. non-provisional patent application 1s a continu-
ation of U.S. patent application Ser. No. 17/000,665, titled
ANALOG-TO-DIGITAL CONVERTER and filed on Aug.
24, 2020, which, 1n turn, claims priority under 35 U.S.C. §
119 to Korean Patent Application No. 10-2020-0007273
filed on Jan. 20, 2020 1n the Korean Intellectual Property
Ofhlice, the disclosure of which 1s mncorporated by reference
in 1ts entirety.

FIELD

The present inventive concept relates to analog-to-digital
converters, and more particularly to an analog-to-digital
converter with disparate domain successive approximation
registers.

DISCUSSION OF RELATED ART

An analog-to-digital converter (ADC) 1s a device used for
sampling an analog signal, and converting the sampled
analog signal 1nto a digital signal. Among analog-to-digital
converters, a successive approximation register (SAR) ADC
uses a conversion method that performs quantization based
on a binary search. The SAR ADC determines an upper bit
to a lower bit at one clock for each bit. The SAR ADC has
an N-bit digital-to-analog converter (DAC) and a compara-
tor theremn. In addition, a pipeline ADC uses a digital
conversion method that processes with low resolution at
cach pipeline stage and adds a digital output at each stage,
where a DAC and an amplifier are used 1n each stage.

SUMMARY

An exemplary embodiment of the present disclosure may
provide a pipeline successive approximation register (SAR)
analog-to-digital converter (ADC) of high power efliciency
and speed by employing low-power amplification technol-
ogy. An exemplary embodiment may provide an ADC 1n
which a time-to-digital converter (TDC) 1s added to a rear
stage ol a voltage-current domain pipeline SAR ADC. In
addition, an exemplary embodiment may provide a voltage-
current-time domain three-stage pipeline ADC that matches
a full-scale range of a current-time converter (ITC) output
and a full-scale range of a time-to-digital converter (TDC).

According to an exemplary embodiment, an analog-to-
digital converter includes a voltage-digital converter receiv-
ing an analog mput voltage, generating a first digital signal
from the analog mput voltage, and outputting a residual
output voltage remaining after generating the first digital
signal, a voltage-time converter converting a residual output
current based on the residual output voltage into a residual
input time 1n a time domain, and a time-digital converter
receiving the residual input time, and generating a second
digital signal from the residual input time. The first digital
signal and the second digital signal are sequences of digital
codes representing respective signal levels of the analog
input voltage.

According to an exemplary embodiment, an analog-to-
digital converter includes a converter receiving an analog
input signal 1n a first period, generating a digital signal from
the analog mnput signal using a successive approximation
register (SAR) method, and outputting a first residual cur-
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rent and a second residual current remaining atter generating,
the digital signal, a first capacitor charged with the first
residual current during a turn-on time of a sampling clock in
a second period after the first period, a second capacitor
charged with the second residual current during the turn-on
time ol the sampling clock 1 the second period, a first
current source supplying a first discharge current for dis-
charging the first capacitor, a second current source through
which a second discharge current tlows for discharging the
second capacitor, a {first comparator, wherein the first capaci-
tor 1s discharged with the first discharge current in a third
period after the second period, the first comparator compar-
ing a voltage of a first node between the first capacitor and
the first current source with a reference voltage, and out-
putting a point in time at which the voltage of the first node
reaches the reference voltage as a first residual time, and a
second comparator, wherein the second capacitor 1s dis-
charged with the second discharge current in the third
period, the second comparator comparing a voltage of a
second node between the second capacitor and the second
current source with the reference voltage, and outputting a
point 1n time at which the voltage of the second node reaches
the reference voltage as a second residual time. The digital
signal 1s a portion of sequences of digital codes representing
respective signal levels of the analog input current.

According to an exemplary embodiment, an analog-to-
digital converter includes a current-time converter convert-
ing a residual output current remaining after generating a
first digital signal from an analog i1nput voltage using a
successive approximation register (SAR) method into a
residual mput time in a time domain, and a time-digital
converter receiving the residual mput time, and generating a
second digital signal from the residual input time. The
current-time converter includes a capacitor charged with the
residual output current during a turn-on time of a sampling
clock, a current source supplying a discharge current for
discharging the capacitor, and a comparator comparing a
voltage of a node between the capacitor discharged with the
discharge current and the current source with a reference
voltage, and outputting a point 1n time at which the voltage
of the node reaches the reference voltage as the residual
input time. The first digital signal and the second digital
signal are sequences of digital codes representing respective
signal levels of the analog mput voltage.

According to an exemplary embodiment, an analog-to-
digital converter includes a voltage-current converter receiv-
ing an analog mput voltage, generating a first digital signal
from the analog nput voltage using a successive approxi-
mation register (SAR) method, and outputting a residual
current remaining aiter generating the first digital signal, a
current-time converter converting the residual current into a
residual time 1n a time domain, and a time-digital converter
receiving the residual time, and generating a second digital
signal from the residual time. The first digital signal and the
second digital signal are sequences of digital codes repre-
senting respective signal levels of the analog input voltage,
and a tull-scale range of the residual time, which 1s an output
of the current-time converter, matches a full-scale range of
the time-digital converter.

According to an exemplary embodiment, an analog-to-
digital converter includes an analog-time converter convert-
ing a residual output current based on a residual output
voltage remaining aiter generating a first digital signal from
an analog 1mput voltage using a successive approximation
register (SAR) method into a residual time 1n a time domain,
and a time-digital converter recerving the residual time, and
generating a second digital signal from the residual time. A
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tull-scale range of the residual time, which 1s an output of
the analog-time converter, matches a full-scale range of the

time-digital converter.

According to an exemplary embodiment, an analog-to-
digital converter includes: a first stage having an analog
signal mput terminal of a first domain, a signal processing
section of the first domain, a digital signal output terminal,
and a residual analog signal output terminal of a second
domain; and a second stage having an analog signal 1nput
terminal of the second domain, a signal processing section
of the second domain, and a second digital signal output
terminal, wherein the first and second domains are different
from each other and selected from a voltage domain, a
current domain, a time domain, or a frequency domain.

The analog-to-digital converter may be configured where
the first domain 1s the voltage domain, and the second
domain 1s the current domain. The analog-to-digital con-
verter may be configured where at least one of the first or
second domains 1s the voltage or current domain, and the
corresponding at least one of the first or second signal
processing sections comprises successive approximation
registers (SAR). The analog-to-digital converter may
include digital calibration logic connected to each of the first
and second digital signal output terminals.

The analog-to-digital converter may be configured where
the second stage has a second residual analog signal output
terminal of a third domain, and may include a third stage
having an analog signal input terminal of the third domain,
a signal processing section of the third domain, and a third
digital signal output terminal, where the third domain 1is
different from each of the first and second domains and
selected from a voltage domain, a current domain, a time
domain, or a frequency domain. The analog-to-digital con-
verter may be configured where the first domain 1s the
voltage domain, the second domain 1s the current domain,
and the third domain 1s the time domain.

BRIEF DESCRIPTION OF DRAWINGS

Exemplary embodiments of the present disclosure will be
more clearly understood from the following detailed
description, taken in conjunction with the accompanying
drawings, 1n which:

FIG. 1 1s a schematic block diagram 1llustrating a voltage
domain pipeline SAR ADC structure according to an exem-
plary embodiment of the present inventive concept;

FIG. 2 1s a schematic block diagram 1llustrating a voltage-
current domain pipeline SAR ADC structure according to an
exemplary embodiment of the present inventive concept;

FI1G. 3 1s a schematic block diagram 1llustrating a voltage-
current domain pipeline SAR ADC according to an exem-
plary embodiment of the present inventive concept;

FIG. 4 1s a graphical signal timing diagram illustrating
operation of a voltage-current domain pipeline SAR ADC of
FIG. 3;

FIG. 5 1s a schematic circuit diagram 1llustrating a volt-
age-current domain pipeline SAR ADC of FIG. 3;

FIG. 6 1s a schematic block diagram illustrating a struc-
ture of a voltage-current domain pipeline SAR ADC accord-
ing to an exemplary embodiment of the present inventive
concept;

FI1G. 7 1s a schematic block diagram 1llustrating a voltage-
current-time domain pipeline ADC structure according to an
exemplary embodiment of the present inventive concept;

FIG. 8 1s a schematic circuit diagram 1llustrating opera-
tion of the voltage-current-time domain pipeline ADC of
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4

FIG. 9 1s a graphical signal timing diagram 1llustrating
operation of the voltage-current-time domain pipeline ADC

of FIG. 8;

FIG. 10 1s a graphical signal timing diagram illustrating a
tull-scale range of an ITC output according to an exemplary
embodiment of the present inventive concept;

FIG. 11 1s a schematic block diagram illustrating a TDC
according to an exemplary embodiment of the present
inventive concept; and

FIG. 12 1s a schematic circuit diagram 1llustrating a clock
signal generator according to an exemplary embodiment of
the present inventive concept, and

FIG. 13 1s a graphical signal timing diagram illustrating
an operation of the clock signal generator of FIG. 12.

DETAILED DESCRIPTION

Herematter, exemplary embodiments of the present
iventive concept may be described 1in detail with reference
to the accompanying drawings.

FIG. 1 illustrates a voltage domain pipeline SAR ADC
structure according to an exemplary embodiment of the
present inventive concept.

Referring to FIG. 1, a voltage domain pipeline SAR ADC
100 may generate a sequence, such as an (N+M-1)-bit
digital signal, of digital codes representing respective levels
of an analog 1nput voltage (V,.,) using a successive approxi-
mation resister (SAR) method. The voltage domain pipeline
SAR ADC 100 may include a coarse ADC 110, an amplifier
120, a fine ADC 130, and digital calibration logic 140.

The coarse ADC 110 may include a capacitive digital-to-
analog converter (CDAC), and the coarse ADC 110 may
output an N-bit digital signal from the analog input voltage
(V) using a SAR method, without limitation. The coarse
ADC 110 may receive the analog input voltage (V,,,) and a
first reference voltage (V,.-1). The coarse ADC 110 may
generate new reference voltages using the first reference
voltage (V1) until each bit of the N-bit digital signal 1s
determined. The coarse ADC 110 may generate an N-bit
digital signal using the analog input voltage (V,,,) and the
new reference voltages by the SAR method. The coarse
ADC 110 may output a residual voltage (V,.) remaining
alter generating the N-bit digital signal.

The amplifier 120 may receive the residual voltage (V. -<)
from the coarse ADC 110. The amplifier 120 may amplity
the residual voltage (V<) by a predetermined voltage gain
(Gm*RL) to output an output voltage (V. to the fine
ADC 130.

The fine ADC 130 may output an M-bit digital signal from
the output voltage (V .+ using the SAR method. The fine
ADC 130 may include a CDAC 131, a comparator 132, and
SAR logic 133. The CDAC 131 may receive the output
voltage (V 5, ) Trom the amplifier 120. The CDAC 131 may
sample the output voltage (V,,,) and may maintain the
sampled output voltage at a constant value for a period of
time. That 1s, the output voltage V ,,,,-can be a CDAC 1nput
voltage. The CDAC 131 may receive a second reference
voltage (V,-~2), and generate a CDAC reference voltage
using the second reference voltage (V.- ). The CDAC 131
may output a differential voltage corresponding to a differ-
ence between the CDAC mput voltage and the CDAC
reference voltage.

The comparator 132 may compare the diflerential voltage
and output a result of the comparison. The SAR logic 133
may receive the result of the comparison and output the
uppermost bit digital signal based on the result of the
comparison output from the comparator 132.
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In addition, the SAR logic 133 may control the CDAC
131 so that the CDAC 131 can generate a new CDAC
reference voltage based on the result of the comparison
output from the comparator 132.

The CDAC 131 may output a differential voltage corre-
sponding to a diflerence between the CDAC 1nput voltage
and the new CDAC reference voltage. The comparator 132
may compare the diflerential voltage and output a result of
the new comparison. The SAR logic 133 may output a next
bit digital signal based on the result of the new comparison
output from the comparator 132.

The fine ADC 130 may perform a SAR method until all

bits of the M-bit digital signal are determined from the
output voltage (V ;).

The digital calibration logic 140 may receive the N-bit
digital signal from the coarse ADC 110 and may receive the
M-bit digital signal from the fine ADC 130. When there 1s
1-bit redundancy between the coarse ADC 110 and the fine
ADC 130, the digital calibration logic 140 may combine the
N-bit digital signal and the M-bit digital signal to generate
a total (N+M-1)-b1t digital signal.

An operating speed of the amplifier 120 may be deter-
mined by an RC time constant (1) at an output node of the
amplifier 120, as shown 1n Equation 1, below.

T=R,*C;

C,=2M%C,rr [Equation 1]

Here, R, may mean load resistance of the amplifier 120,
and C, may mean capacitance at the output node of the
amplifier 120. That 1s, C, may mean the total capacitance of
the fine ADC 130. An operating speed of the pipeline of the
ADC may be determined by the operating speed of the
amplifier 120. In order to improve the operating speed of the
amplifier 120, R, or C, may be reduced. However, consid-
ering a mimmmum value required to determine noise and
linearity performance of the fine ADC, there 1s a limit 1n
reducing R, and C,, and thus there 1s a corresponding limit
in 1mproving the operating speed of the amplifier 120 by
such means.

According to an exemplary embodiment of the present
inventive concept, an ADC can process a residual voltage
(Vrro) of the coarse ADC 110 1n a current domain. There-
fore, 1t 1s possible to further improve an operating speed of
an ADC pipeline.

FIG. 2 1llustrates a voltage-current domain pipeline SAR
ADC structure according to an exemplary embodiment of
the present inventive concept.

Referring to FIG. 2, a voltage-current domain pipeline

SAR ADC 200 may include a coarse ADC 210, an amplifier
220, a fine ADC 230, and digital calibration logic 240. The
coarse ADC 210 may output an N-bit digital signal from an
analog input voltage (V) using a SAR method, without
limitation. Since a structure and an operation of the coarse
ADC 210 of FIG. 2 1s similar to the structure and the
operation of the coarse ADC 110 of FIG. 1, detailed descrip-
tions thereol may be omitted.

The amplifier 220 may receive a differential residual
voltage (V. .) from the coarse ADC 210. The amplifier 220
may perform voltage-current conversion of the differential
residual voltage (V,,..) to a differential residual current
(I,-<) In a current domain. For example, the amplifier 220
may amplity the differential residual voltage (V,..) by a
predetermined gain Gm to generate a diflerential residual
current (I,.<). In addition, the amplifier 220 may sample the
generated differential residual current (R, .-.) and maintain
the sampled differential residual current at a constant value
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6

for a period of time. There may be a parasitic capacitance
(C,) at the output node of the amplifier 220.

The fine ADC 230 may include a current digital-to-analog
converter (IDAC) 231, a resistor (R,), a comparator 232,
and SAR logic 233. The IDAC 231 may receive the difler-
ential residual current sampled from the amplifier 220. The
sampled differential residual current may be an IDAC 1nput
current. The IDAC 231 may further receive a reference
current (I,.-), and generate an IDAC reference current
using the reference current (In.-). The IDAC 231 may
output a differential voltage corresponding to a diflerence
between the IDAC mput current and the IDAC reference
current using a resistor (R.).

The comparator 232 may compare the differential voltage
and output the result of the comparison. The SAR logic 233
may output an uppermost bit digital signal based on the
result of the comparison output from the comparator 232.

In addition, the SAR logic 233 may control the IDAC 231
so that the IDAC 231 can generate a new IDAC reference
current based on the result of the comparison output from the
comparator 232.

The IDAC 231 may output a new diflerential voltage
corresponding to the difference between the IDAC mput
current and the new IDAC reference current. The compara-
tor 232 may compare the new differential voltage and output
a result of the comparison. The SAR logic 233 may output
a next bit digital signal based on the result of the comparison
output from the comparator 232.

The fine ADC 230 may perform the SAR method until all
bits of the M-bit digital signal are determined from the
differential residual current (I, ..).

The digital calibration logic 240 may receive the N-bit
digital signal from the coarse ADC 210 and the M-bit digital
signal from the fine ADC 230. When there 1s a 1-bit
redundancy between the coarse ADC 210 and the fine ADC
230, without limitation, the digital calibration logic 240 may
combine the N-bit digital signal and the M-bit digital signal
to generate an (N+M-1)-bat digital signal.

The voltage-current domain pipeline SAR ADC 200,
according to an exemplary embodiment of the present
inventive concept, may process the differential residual
voltage (V<) 1n the current domain. That 1s, the voltage-
current domain pipeline SAR ADC 200 may increase an
operating speed of an amplifier 220 capable of converting
and sampling the differential residual voltage (Vo) mnto a
differential residual current (I, ..), and an operating speed of
an amplifier 220, by including a fine ADC 230 processing
the differential remdual current (I,~<). The operating speed
of the amplifier 220 may be determined by a RC time
constant (1) at an output node of the amplifier 220, as shown
in Equation 2, below.

I=R*Cp [Equation 2]

Here, R may be a load resistance at an output node of the
amplifier 220, and C, may mean a parasitic capacitance at
the output node of the amplifier 220. In FIG. 2, the parasitic
capacitance (C,) at the output node of the amplifier 220 may
be suiliciently greater than a capacitance (C;) at the output
node of the amplifier 120 of FIG. 1 through an appropnate
bias of the IDAC 231 and a corresponding layout design.
Theretore, 1t 1s possible to improve an operating speed of an
ADC pipeline.

FIGS. 3 to 5 illustrate a voltage-current domain pipeline
SAR ADC operation according to an exemplary embodi-
ment of the present inventive concept.

Referring to FIG. 3, a voltage-current domain pipeline

SAR ADC 300 may include a coarse ADC 310, an amplifier
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320, a fine ADC 330, digital calibration logic 340, a clock
signal generator 350, and a switch SW.

The coarse ADC 310 may output an N-bit digital signal
from an analog input voltage (V) using a SAR method,
without limitation. The coarse ADC 310 may include a
capacitive digital-to-analog converter (CDAC) 311, a com-
parator 312, and SAR logic 313. The CDAC 311 may
sample the analog mput voltage (V,.,) 1n response to a first
sampling clock signal (@), and maintain the sampled ana-
log signal at a constant value for a period of time. The analog
input signal can be a CDAC input voltage. The CDAC 311
may receive a relerence voltage (V,-~), and generate a
CDAC reference voltage using the reference voltage (V5 ~~).
The CDAC 311 may output a differential residual voltage
(Voro) corresponding to a difference between the CDAC
input signal and the CDAC reference voltage.

The comparator 312 may compare the differential residual
voltage (V,zo) 1n response to the first comparison clock
signal (®_.,») and output a result of the comparison. The
SAR logic 313 may output an uppermost bit digital signal
based on a result of the comparison output from the com-
parator 312. For example, i the CDAC input signal 1s
greater than the CDAC reference voltage, the SAR logic 313
may output a first logic value (e.g., data *“1”). However, 1f
the CDAC 1put signal 1s smaller than the CDAC reference
voltage, the SAR logic 313 may output a second logic value
(e.g., data “07).

In addition, the SAR logic 313 may control the CDAC
311 so that the CDAC 311 can generate a new CDAC
reference voltage based on the result of the comparison
output from the comparator 312.

The CDAC 311 may output a new differential residual
voltage (V,..) corresponding to a difference between the
CDAC mput signal and the new CDAC reference voltage.
The comparator 312 may compare the new diflerential
residual voltage (V<) 1n response to the first comparison
clock signal (¥ .. ,») and output a result of the comparison.
The SAR logic 313 may output a next bit digital signal based

on the result of the comparison output from the comparator
312.

The coarse ADC 310 may perform the SAR method until
all bits of the N-bit digital signal are determined from the
analog input voltage (V ,»,). The coarse ADC 310 may output
the differential residual voltage (V ) remaining aiter gen-
crating the N-bit digital signal.

The amplifier 320 may receive the differential residual
voltage (V,.o) 1n response to a switch clock signal (D, ,).
The amplifier 320 may perform voltage-current conversion
of the differential residual voltage (V,..) to a diflerential
residual current (I,..) 1n the current domain. For example,
the amplifier 320 may amplify the differential residual
voltage (Vo) by a predetermined gain Gm to generate a
differential residual current (I..). In addition, the amplifier
320 may sample the generated differential residual current
(R,~<) In response to a second sampling clock signal (®,.),
and maintain the sampled differential residual current at a
constant value for a period of time.

The fine ADC 330 may output an M-bit digital signal from
a differential residual current (I, ..) using the SAR method.
The fine ADC 330 may include an IDAC 331, a comparator
332, and SAR logic 333. The differential residual current
(R,z<) may be an IDAC mput current. The IDAC 331 may
receive a reference current (I,..), and generate an IDAC
reference current using the reference current (I,..). The
IDAC 331 may output a diflerential voltage corresponding
to the difference between the IDAC input current and the
IDAC reference current using a resistor (R).
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The comparator 332 may compare the differential voltage
in response to the second comparison clock signal (P ., »)
and output a result of the comparison. The SAR logic 333
may output an uppermost bit digital signal based on the
result of the comparison output from the comparator 332.

In addition, the SAR logic 333 may control the IDAC 331
so that the IDAC 331 can generate a new IDAC reference
current based on the result of the comparison output from the
comparator 332.

The IDAC 331 may output a new diflerential voltage
corresponding to the difference between the IDAC 1nput
current and the new IDAC reference current. The compara-
tor 332 may compare the new differential voltage in
response to the second comparison clock signal (P, ., »)
and output the result of the comparison. The SAR logic 333
may output a next bit digital signal based on the result of the
comparison output from the comparator 332.

The fine ADC 330 may perform the SAR method until all

bits of the M-bit digital signal are determined from the
differential residual current (I .).

The digital calibration logic 340 may receive an N-bit
digital signal from the coarse ADC 310 and an M-bit digital
signal from the fine ADC 330. When there 1s a 1-bit
redundancy between the coarse ADC 310 and the fine ADC
330, the digital calibration logic 340 may combine the N-bit
digital signal and the M-bit digital signal to generate a total
(N+M-1)-b1t digital signal.

Referring to FIGS. 3 and 4 together, the clock generator
350 may generate a first sampling clock signal (@), a first
comparison clock signal (@, .,»), a switch clock signal
(D, ,), a second sampling clock signal (®,.), and a second
comparison clock signal (¥, . ,») 1n response to an 1nput
clock signal CLK. The first sampling clock signal (@) may
have a pulse width corresponding to 1.5 clock cycles. Each
of the switch clock signal (@ ,) and the second sampling
clock signal (®,.) may have a pulse width corresponding to
2.0 clock cycles.

During each total of 10.0 clock cycles including periods
D1 and D2 and D3, or periods D4 and D3 and D6 of FIG.
4, in which the first sampling clock signal (®.) and the

switch clock signal (@, ,) may each occur once and the
second sampling clock signal (®,.) may occur twice, the
first comparison clock signal (®,_.,») may include 10.0-
2.0-1.5=6.5 clock cycles, and the second comparison clock
signal (@, .,,) may include 10.0-2.0-2.0=6.0 1inverted
clock cycles.

In the first period D1, the analog input voltage (V,,,) may
be sampled to the CDAC 311 during the first sampling clock
signal (®.). In the second period D2, the analog input
voltage (V) may be converted into an N-bit digital signal
and output by the comparator 312 and the SAR logic 313
during the first comparison clock signal (D . ,»). When an
operation of the coarse ADC 310 1s completed, a differential
residual voltage (V..) may remain in the CDAC 311.

In the third period D3, the differential residual voltage
(V» o) remaining 1n the CDAC 311 may be converted 1nto
a residual current (I,..) by the amplifier 320 during the
second sampling clock signal (®,.). When the total of 10
clock cycles end, the residual current (I, ,..) can be sampled
by the amplifier 320.

In the fourth period D4, an operation of the coarse ADC
310 may proceed as above with next data, while the residual
current (I,-.) may be converted into an M-bit digital signal
by the fine ADC 330 during the second comparison clock
signal (P, ,») and output. In the fifth period D3, a cali-
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bration circuit may perform offset calibration and gain
calibration of the amplifier 320 and the fine ADC 330 during
these three clock cycles.

Referring to FIG. 3, a voltage-current domain pipeline
SAR ADC 400 may include an amplifier 420 and a fine ADC

430.

The amplifier 420 may be configured as input stages M1
to M4 having a structure of a tlipped voltage follower having,
a variable resistance MR1 for linear voltage-current conver-
sion and switch current mirrors M5, M6, MS1, and MS2.
The amplifier 420 may further include bias circuits 421 and
422 for driving transistors included 1n the mput stages M1 to
M4. The amplifier 420 may receive the output voltage V..
from the coarse ADC as differential residual voltages (V.

and V /).

The switch current mirrors M5, M6, MS1, and MS2 can
hold charges 1n a gate capacitance (C ;) for current sampling.
The amplifier 420 may use triple cascade current mirrors
M5, M6, and MC1 to MC4, and dummy switches MD1 and
MD?2 for linearity of a voltage-to-current conversion gain.
The amplifier 420 may convert diflerential residual voltages
(V,» and V) mto differential residual currents (I, and
... ), and maintain charges corresponding to the differen-
tial residual currents (I,.., and I,.. ) 1n the gate capaci-
tance (C) by the sampling clock signal (®,.). The differ-
ential residual currents (I,.., and I,.. ) may thereby be
sampled and the sampled residual currents may be main-
tained at a constant value for a predetermined period of time.

The fine ADC 430 may include an IDAC 431, a com-
parator 432, a SAR logic 433, and a resistor (R ). A residual
current sampled by the amplifier 412 may be the IDAC 1nput
current. The IDAC 431 may generate diflerential reference
currents (I, and I, ... ) using the IDAC reference current.
The IDAC 431 may output differential voltages TP and TN
corresponding to a difference between the IDAC 1nput
current and the IDAC reference current using a resistor (R.).

The comparator 432 may compare the differential volt-
ages TP and TN 1n response to the second comparison clock
signal (P, . ,»), and output a result of the comparison. The
SAR logic 433 may output an M-bit digital signal based on
the result of the comparison output from the comparator 432.

The voltage-current domain pipeline SAR ADC 400
according to an exemplary embodiment of the present
inventive concept may sufliciently reduce a parasitic capaci-
tance (C,) at an output node of the amplifier 420 to improve
the operating speed of the ADC. In addition, as a semicon-
ductor 1s scaled down, a power supply voltage VDD may be
reduced, and the voltage-current domain pipeline SAR ADC
400 according to an exemplary embodiment of the present
inventive concept may be operated even at such a reduced
power supply voltage VDD.

FIG. 6 1llustrates a voltage-current domain pipeline SAR
ADC structure according to an exemplary embodiment of
the present inventive concept. The voltage-current domain
pipeline SAR ADC 500 of FIG. 6 may additionally imple-
ment a pipeline 1 a current domain through an amplifier
with a sampling and a hold operation and a SAR ADC using
an IDAC, unlike the voltage-current domain pipeline SAR
ADC 200 of FIG. 2. Otherwise, duplicate description may be
omitted.

The voltage-current domain pipeline SAR ADC 500
includes a coarse ADC 510, a first amplifier 520-1, a {first
fine ADC 530-1, a second amplifier 520-2, and a second fine
ADC 530-2.

For example, assuming that the coarse ADC 210 may
output a 6-bit digital signal and the fine ADC 230 may
output a 5-bit digital signal 1n FIG. 2; in FIG. 6, the coarse
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ADC 510 may output a 6-bit digital signal, the first fine ADC
530-1 may output a 2-bit digital signal, and the second fine
ADC 530-2 may output a remaining 4-bit digital signal,
without limitation thereto.

Specifically, the first amplifier 520-1 may sample a first
residual current (I,..,) 1n response to the first sampling
clock signal (®,.,). The first fine ADC 3530-1 may output the
first residual current (I,,..,) as a 2-bit digital signal.

When the operation of the first fine ADC 530-1 1s com-

pleted, a second residual current (I,..,) may remain 1n the
IDAC 531 of the first fine ADC 3530-1. The second amplifier
520-2 may sample the second residual current (I,-.,) In
response to the second sampling clock signal (®,.,). The
second fine ADC 530-2 may output 4 bits of the second
residual current (I, .., ) as a 4-bit digital signal. The structure
and operation of the first fine ADC 530-1 and the second fine
ADC 3530-2 of FIG. 6 are similar to the structure and
operation of the fine ADC 230 of FIG. 2, so a duplicate
detailed description thereof may be omitted.

The voltage-current domain pipeline SAR ADC 500
according to an exemplary embodiment of the present
iventive concept has an effect of having high resolution
while maintaining a high-speed operation. However, an
IDAC using an added static current in the current domain
can increase power consumption ol an entire ADC.

According to an exemplary embodiment of the present
iventive concept, a pipeline using a time-to-digital con-
verter (I'DC) 1n a time domain may be implemented 1nstead
ol or 1n addition to one or more of the fine ADC added 1n the
current domain. Therefore, power consumption of the ADC
can be mimmized.

FIG. 7 illustrates a voltage-current-time domain pipeline
ADC structure according to an exemplary embodiment.

Retferring to FIG. 7, a voltage-current-time domain pipe-
line ADC 600 may generate a sequence, such as an (M+N+
L.-2)-b1t digital signal, of digital codes representing respec-
tive levels of an analog input voltage (V ,,,) using an ADC 1n
a voltage domain, a current domain, and a time domain. The
voltage-current-time domain pipeline SAR ADC 600 may
include a coarse ADC 610, an amplifier 620, a fine ADC 630,

a current-time converter 640 (ITC), a time-digital converter
(TDC) 650, and digital calibration logic 660.

The coarse ADC 610 may output an M-bit digital signal
from the analog 1input voltage (V,.,) using the SAR method.
The amplifier 620 may receive a residual voltage (V.o
from the coarse ADC 610, and may amplily the residual
voltage (V,..) to generate a first residual current (I,,..1) 1n
a current domain. The amplifier 620 may sample the first
residual current (I,..1) 1n response to the first sampling
clock signal (®,,), and maintain the sampled first residual
current at a constant value for a predetermined period of
time.

The fine ADC 630 may include an IDAC 631, a com-
parator 632, and SAR logic 633. The IDAC 631 may receive
a sampled first residual current from the amplifier 620. The
sampled {first residual current may be a first IDAC 1nput
current. The IDAC 631 may receive a reference current, and
generate an IDAC reference current using the reference
current. The IDAC 631 may output a difference between the
IDAC mput current and the IDAC reference current.

The comparator 632 may compare the diflerence between
the IDAC mput current and the IDAC reference current and
output a result of the comparison. The SAR logic 633 can
output an uppermost bit digital signal based on the result of
the comparison output from the comparator 632.
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In addition, the SAR logic 633 can control the IDAC 631
so that the IDAC 631 can generate a new IDAC reference
current based on the result of the comparison output from the
comparator 632.

The IDAC 631 may output a new difference between the
IDAC mput current and the new IDAC reference current.
The comparator 632 may compare the new diflerence
between the IDAC mput current and the new IDAC refer-
ence current and output a result of the comparison. The SAR
logic 633 may output a next bit digital signal based on the
result of the comparison output from the comparator 632.

The fine ADC 630 may perform the SAR method until all
bits of the N-bit digital signal are determined from the first
residual current (I,,.1).

When an operation of the fine ADC 630 1s completed, a
second residual current (I, ,..,) may remain in the IDAC 631
of the fine ADC 630. In response to a complementary signal
of the second sampling clock signal (® ), the ITC 640 may
receive the second residual current (I,..2) from the fine
ADC 630. In response to the second sampling clock signal
(D), the ITC 640 may perform current-time conversion of
the second residual current (I, .., ) to the residual time signal
(Trzo) 10 the time domain.

The TDC 6350 may receive the residual time signal (1T 5..)
from the I'TC 640, and output an L-bit digital signal.

The digital calibration logic 660 may receive an M-bit
digital signal from the coarse ADC 610, may receive an
N-bit digital signal from the fine ADC 630, and may receive
an L-bit digital signal from the TDC 650. When there 1s a
1-bit redundancy between the coarse ADC 610 and the fine
ADC 630, without limitation, and when there 1s a 1-bit
redundancy between the fine ADC 630 and the TDC 650,
without limitation, the calibration logic 660 may combine
the M-bit digital signal, the N-bit digital signal, and the L-bit
digital signal to generate an (M+N+L-2)-bit digital signal.

The voltage-current-time domain pipeline ADC 600
according to an exemplary embodiment of the present
inventive concept may pipeline using a time domain ADC
(1.e., TDC) at a rear stage of the voltage-current domain
pipeline SAR ADC. Therefore, power consumption of the
voltage-current-time domain pipeline ADC may be mini-
mized.

(Gain mismatch between diflferent domains may lead to a
deterioration 1n linearity performance in the entire ADC.
Delay cells processing the residual time signal (T <) 1n the
TDC 650 may be sensitive to changes 1n process-voltage-
temperature (PV'T).

According to an exemplary embodiment of the present
inventive concept, a full-scale range of the ITC 640 output
and a full-scale range of the TDC 650 may be matched.
Thus, the ADC may be less burdened with complex cali-
bration techniques or PVT variations.

FIGS. 8 and 9 1llustrate an operation of a voltage-current-
time-domain pipeline ADC according to an exemplary
embodiment of the present inventive concept. In particular,
FIGS. 8 and 9 will mainly be described with respect to a
circuit and an operation principle of a current-time con-
verter. Duplicate description may be omaitted.

Referring to FIG. 8, a voltage-current-time domain pipe-
line ADC 700 may include a fine ADC 730 and an I'TC 740.
The fine ADC 730 may include an IDAC 731, resistors (R ),
a comparator 732, and a switch 734.

The switch 734 may be turned on in response to a
complementary signal of a sampling clock signal (¥ ).
First differential residual currents (I,.o. and I,q_)
sampled from the amplifier 620 of FIG. 7 may be input
currents of the IDAC 731. The IDAC 731 may generate a
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differential reference current using an IDAC reference cur-
rent. The IDAC 731 may output differential voltages at
nodes TP and TN corresponding to a diflerence between the
IDAC mput current and the IDAC reference current using
resistors (R.).

The comparator 732 may compare the differential volt-
ages at nodes TP and TN 1n response to a comparison clock
signal (@, ., ), and output the result of the comparison. The
SAR logic can output an uppermost bit digital signal based

on the result of the comparison output from the comparator

732.

In addition, the SAR logic can control the IDAC 731 so
that the IDAC 731 can generate a new IDAC reference
current based on the result of the comparison output from the
comparator 732.

The IDAC 731 may output the new diflerential voltages
TP and TN corresponding to the difference between the
IDAC mput current and the new IDAC reference current.
The comparator 732 may compare the new differential
voltages at nodes TP and TN 1n response to the comparison
clock signal (@, . ,») and output the result of the compari-
son. The SAR logic may output a next bit digital signal
based on the result of the comparison output from the
comparator 732.

The fine ADC 730 may perform the SAR method until all
bits of the digital signal are determined from the first
differential residual currents (I,..,. and I, ¢ _).

When an operation of the fine ADC 730 1s completed,
second differential residual currents (I,..,. and I, ..., ) may
remain 1n the IDAC 731.

The I'TC 740 may include a current source 741, first to
third switches 744, 745, and 746, a first capacitor (C,,), a
second capacitor (C ), a first comparator 747, and a second
comparator 748.

Referring to FIGS. 8 and 9 together, the switch 734 of the
fine ADC 730 1n a first period D1 1s turned on in response
to the complementary signal of the sampling clock signal
(® ), and the first switch 744 of the ITC 740 may be turned
off in response to the sampling clock signal (® ,..). When the
operation of the fine ADC 730 as described above in the first
period D1 1s completed, the second differential residual
currents (I,-.,. and I,-,_) may remain in the IDAC 731.

As a third switch 746 1s turned on 1n response to the reset
clock signal (®,..--), the first capacitor (C,,) and the
second capacitor (C ,,,) may be reset to a power voltage
VDD. Therefore, the voltages of the first node T1 and the
second node T2 may be the power supply voltage VDD.

In a second period D2 after the first period D1, the third
switch 746 may be turned ofl 1n response to the reset clock
signal (®,-.-), and the first switch 744 may be turned on
in response to the sampling clock signal (®..), and the
switch 734 of the fine ADC 730 may be turned ofl 1n
response to the complementary signal of the sampling clock
signal (® o). During the turn-on time signal (T,,) of the
sampling clock signal (®..), the first capacitor (C ) and the
second capacitor (C ,,,) may be charged with the second
differential residual currents (I,z.,, and I,-., ). For
example, the first capacitor (C , ) may be charged with a first
residual current, which 1s any one of the second differential
residual currents (I,..,, and I...,_), and the second capaci-
tor (C ,»,) may be charged with a second residual current,
which 1s the other one of the second differential residual
current (Ip-e,, and I,zc,_).

In the second period D2, the voltages of the first node 11
and the second node 12 may decrease with diflerent slopes.
The voltages of the first node T1 and the second node 12
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may decrease with slopes corresponding to the magnitudes
of the first residual current (1., ) and the second residual
current (Ipzc, ).

For example, when a unit current (I,,), which 1s a full-

14

Ipeso=Ipro—LRrES

Here, T, .., may be an ITC output, which 1s an interval

scale of the second differential residual currents (I,..,, and 5 between the first residual time signal (T,-.,,) and the

Iores_)1s 0.4 A, the first residual current (I, ) 15 0.7 LA,
and the second residual current (I,..,_) 1s 0.3 pA, plot “a”
may represent voltage V., at the node T2 based on the
second residual current (I,..,_) and plot “b” may represent
the voltage V-, at the node T1 based on the first residual
current (Ipzc-, ).

In the present specification, the full-scale or full-scale
range of an output may mean a difference between a
maximum value of the output and a minimum value of the
output or a range between a maximum value of the output
and a miimum value of the output, respectively.

In a third period D3 after the second period D2, the first
switch 744 may be turned off in response to the sampling
clock signal (@ ), and the second switch 745 may be turned
on 1n response to a discharge clock signal (®,,.). A current
source 741 may supply a discharge current (I,,,.) for dis-
charging the first capacitor (C ) and the second capacitor
(C ,») charged with the second differential residual currents
(Io.re,, and I,.., ), respectively. The current source 741
may 1nclude a first current source supplying a first discharge
current for discharging the first capacitor (C,,), and a
second current source supplying a second discharge current
for discharging the second capacitor (C ,.,).

In this case, the magnitudes of the first discharge current
and the second discharge current may be the same as the
magnitudes of the unit currents (I,,), which are tull-scales of
the second differential residual currents (Ipzc., and I,z ),
respectively. Accordingly, each of the first capacitor (C )
and the second capacitor (C ,.,) can be discharged with the
same current (I,,~I,,) during a discharge clock signal
(®,,,o), without limitation. Therefore, the voltages of the
first node 11 and the second node T2 may decrease with
substantially the same slope.

The first comparator 747 may compare the voltage of the
first node T1 with the reference voltage (V). The first
comparator 747 may output a point in time at which the
voltage of the first node T1 reaches the reference voltage
(V ) as the first residual time signal (15~ ). The second
comparator 748 may compare the voltage of the second node
12 with the reference voltage (V ;). The second comparator
748 may output a point in time at which the voltage of the
second node T2 reaches the reference voltage (V ,,,) as the
second residual time signal (T,z¢,_).

In the third period D3, both the voltage of the first node
T1 and the voltage of the second node T2 reach and/or drop
below the reference voltage (V ;). In a fourth period D4
after the third period D3, the second switch 745 may be
turned ofl. The first capacitor (C , ) and the second capacitor
(C,») may be reset to a power supply voltage VDD 1n
response to the reset clock signal (®,..~-). For example,
when both the first residual time signal (T,..,.) and the
second residual time signal (T,-o._) become logic high,
there may be a logic delay supplying a reset clock signal

((I)RESET) ’

In the third period D3, by making the magnitude of the
discharge current (I,,.) for discharging the first capacitor
(C ,») and the second capacitor (C ,.,) equal to the magnitude
of the unit current (I,,), which 1s the full-scale of the second
differential residual currents (Ipro-., and I,..,_), the fol-
lowing [Equation 3] can be satisfied.

Treso/Treso= Ty
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second residual time signal (Trzo-_); Inzo, may be a difler-
ential residual current of the fine ADC 740; I,, may be a unit
current (I,-.,), which 1s a full-scale of the diflerential
residual current (I,..,); and T,,.- may be a time in which
charges corresponding to each of the second diflerential
residual currents (I, and I, .., ) from the fine ADC 740
are accumulated 1n each of the first capacitor (C ,5) and the
second capacitor (C ;).

For example, when the first residual current (I, )15 0.7
WA and the second residual current (I,-.,_) 1s 0.3 uA, the
ITC output (T,.,) may be +T1,,,,~. When the first residual
current (I,..,.) 15 0.6 uA and the second residual current
(Inze,_) 15 0.4 uA, the ITC output (T,.,) may be +1 /2.
When the first residual current (I, ) 1s 0.5 pA and the
second residual current (I,-.,_) 1s 0.5 pA, the ITC output
(T, rc) may be 0. When the first residual current (1., ) 1S
0.3 uA and the second residual current (I, -.,_) 15 0.7 uA, the
[TC output (T,..,) may be =T,

That 1s, by making the magnitude of the discharge current
(1<) Tor discharging the first capacitor (C , ) and the second
capacitor (C ;) equal to the magnitude of the unit current
(I;), which 1s the full-scale of the differential residual
current (I, ..., ), the ITC output (T, ..,) can be determined by
T re

FIG. 10 1llustrates a full-scale range of an ITC output
according to an exemplary embodiment of the present
inventive concept.

Referring to FIG. 10, when the first residual current
(Inze,.) 1s 0.7 uA, and the second residual current (I,.c,_)
1s 0.3 pA (CASE 1), an ITC output (1 4,.,), which 1s a time
between a point in time at which the first residual time signal
(T~ ) rises and the second residual time signal (1T5zc,_)
rises, may be +1 .

When the first residual current (I,-.,,), and the second
residual current (I,..,_) 18 0.5 pA, respectively (CASE II),
an I'TC output (T,..,), which 1s a time between a point 1n
time at which the first residual time signal (15, ) rises and
the second residual time signal (T,..,_) rises, may be 0.

When the first residual current (I,-.,. ) 1s 0.3 pA, and the
second residual current (I,.o-_) 15 0.7 uA (CASEIIID), an I'TC
output (1,-<,), which 1s a time between a point in time at
which the first residual current (I, ) rises and a point 1n
time at which the second residual current (1, .., ) rises, may
be =T 17

Therefore, the full-scale range of the I'TC output (T, ., )
may be =1,

FIG. 11 shows a TDC according to an exemplary embodi-
ment of the present inventive concept.

Retferring to FIG. 11, a TDC 6350 may include a signal
divider 651, a delay cell group 6352, a flip-flop group 653,
and an encoder 654. The signal divider 651 may receive a
first residual time signal (T, .-, ) and a second residual time
signal (1,z<,_) from the ITC. The signal divider 651 may
determine which of the first residual time signal (T,.o. )
and the second residual time signal (T,..,_) 1s mput, first.
That 1s, the signal divider 651 can know which, of a time
when the first residual time signal (T~ ) rises and the time
when the second residual time signal (T, ) rises, occurs
first. For example, the first residual time signal (T, ¢, ) may
be mput before the second residual time signal (1T,.c,_).

The delay cell group 652 may include a plurality of delay
cells, each having a delay time Td. The delay cell group 652




US 11,581,896 B2

15

may output a delayed residual time by delaying the first
residual time signal (T,..,.), which 1s input first, for the
delay time Td. The delay cell group 632 may output a
delayed residual time by sequentially delaying the first
residual time signal (1., ), which 1s mput first, by using
a plurality of delay cells for the delay time Td.

The tlip-flop group 653 may include a plurality of tlip-
flops. One of the plurality of flip-tlops may recerve a delayed
first residual time signal (T .-, ) and a second residual time
signal (1,-<, ). The tlip-tlop group 653 may compare the
delayed first residual time signal (T,..,,) and the second
residual time signal (T;-.,_), and output a result of the
comparison.

Each of the plurality of flip-tlops among the plurality of
tlip-tlops, except for the first tlip-flop which receives unde-
layed signals, may be connected to each of the plurality of
delay cells 1n the delay cell group 652. For example, each of
the plurality of flip-tlops may receive the delayed residual
time and the second residual time signal (T-o,_).

Specifically, the delay cell group 652 may delay the first
residual time signal (T,.c,,) of the first time information
(T, ~-), which 1s input first, by the delay time Td, and output
a primary delayed residual time. The flip-tlop group 653
may compare the primary delayed residual time and the
second residual time signal (T,.<,_), and output a result of
the comparison.

The delay cell group 652 may delay the primary delayed
residual time by the delay time Td and output a secondary
delayed residual time. The thp-flop group 653 may compare
the secondary delayed residual time and the second residual
time signal (1, _), and output a result of the comparison.

When the delay cell group 652 includes 15 delay cells and
the thip-tlop group 6353 includes 16 flip-tlops, the delay cell
group 652 and the flip-tlop group 653 can perform the
above-described delay operation 15 times and the tlip-tlop
operation 16 times.

The encoder 654 may output digital signals by combining
output signals of a plurality of tlip-tflops included 1n the
tlip-tlop group 653.

For example, when the delay cell group 652 includes 15
delay cells, a full-scale range of the TDC may be £161d, and
may output a 5-bit digital signal.

According to an exemplary embodiment of the present
iventive concept, a full-scale range of an I'TC output and a
tull-scale range of a TDC may be matched. To match the
tull-scale range of the I'TC output with the full-scale range
of the TDC, a turn-on time of an I'TC’s sampling clock can
be generated using delay cells included 1n the TDC. That 1s,
the turn-on time signal (T, of the sampling clock signal
(Do) 1n FIG. 9 may be generated using delay cells included
in the TDC.

FI1G. 12 1llustrates a clock signal generator according to an
exemplary embodiment of the present mventive concept,
and FIG. 13 illustrates an operation of the clock signal
generator according to an exemplary embodiment of the
present mventive concept. A clock signal generator 670 of
FIG. 12 may generate clocks used 1n a voltage-current-time
domain pipeline ADC 600 of FIG. 7.

Referring to FIG. 12, the clock signal generator 670 may
include delay cells 671 and a logic operator 672. The delay
cells 671 may include replicas formed identically to at least
a portion of the delay cells included 1n a TDC. The logic
operator 172 may be an AND with mverted delay input.
Alternatively, the logic operator 172 may be an OR with
inverted non-delay mput and inverted or complimentary
signal output.
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Retferring to FIGS. 11 to 13, the delay cells 671 may
generate a delayed clock signal by delaying an arbitrary
clock signal (® . ~z»). The logic operator 672 may receive
an arbitrary clock signal (D, ) and the delayed clock
signal. The logic operator 672 may output a sampling clock
signal (P ..) having a pulse width corresponding to the delay
time of the delay cells 671. For example, when the delay
cells 671 include 8 delay cells, and the delay time of each
delay cell 1s Td, a pulse width (1,,,,) of the sampling clock
signal (® ) may be 8*Td.

When the delay cell 652 includes 15 delay cells, a
tull-scale range of the TDC may be £16Td, and a full-scale
range of an I'TC output may be £8*Td. In this case, when a
redundancy bit of the analog-to-digital converter 1s 1 bit, the
TDC can output a 5-bit digital signal.

According to an exemplary embodiment of the present
iventive concept, even 1f a change by PVT occurs in the
delay cell 652 determining the full-scale of the TDC, the
tull-scale range of the I'TC output 1s defined as a sampling
clock signal (® ..) implemented as a replica of the delay cell
652 of the TDC and changes to the same scale as the
tull-scale of the TDC. Therefore, the full-scale range of the
ITC output and the full-scale range of the TDC can be
matched. Thus, the ADC may be less burdened with com-
plex calibration techniques or PV'T variations.

As set forth above, according to an exemplary embodi-
ment of the present inventive concept, by adding a time
domain time digital converter as a rear stage of a voltage-
current domain pipeline SAR ADC, 1t 1s possible to mini-
mize power consumption of the ADC while maintaiming
high resolution and/or high-speed operation.

In addition, by matching a full-scale range of the current-
time converter output to a full-scale range of the time-to-
digital converter in the voltage-current-time domain pipeline
ADC, a burden on a complex calibration technique for
current-time reference matching may be reduced.

Various embodiments and eflects of the present inventive
concept are not lmmited to the above description. For
example, the particular order of the voltage domain stage,
the current domain stage, and/or the time domain stage of a
dual-stage or multi-stage ADC may be varied. Moreover, a
frequency domain stage may be used 1n addition to or 1n lieu
of any of the described stages, such as by applying a Laplace
transform, a Fourier transform, or the like to one or more of
the exemplary embodiments described herein.

While exemplary embodiments have been shown and
described above, 1t will be apparent to those of ordinary skill
in the pertinent art that modifications and variations may be
made without departing from the scope of the present
disclosure as defined by the appended claims.

What 1s claimed 1s:

1. An analog-to-digital converter (ADC), comprising:

a first stage ADC configured to receive an analog input
voltage, generate a first digital signal from the analog
input voltage, and output a residual output voltage
remaining after generating the first digital signal;

a first amplifier configured to convert the residual output
voltage to a residual mput current in a current domain;

a second stage ADC configured receive the residual 1nput
current, generate a second digital signal from the
residual input current and output a residual output
current remaining after generating the first digital sig-
nal;

a second amplifier configured to convert the residual
output current into a residual mmput time in a time
domain; and
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a time-digital converter configured to receive the residual
input time, and generate a third digital signal from the
residual input time.

2. The ADC of claim 1, wherein the first digital signal, the
second digital signal, and the third digital signal are >
sequences ol digital codes representing respective signal
levels of the analog mput voltage.

3. The ADC of claim 1, the first stage ADC or the second
stage ADC 1s configured to output the first digital signal
from the analog mmput voltage using a successive approxi-
mation register (SAR) method.

4. The ADC of claim 1, the first amplifier 1s configured to
sample the residual input current in response to a first
sampling clock signal, and maintain the sampled residual

input current at a constant value for a predetermined period
ol time.

5. The ADC of claim 1, the second stage ADC comprises
a current digital-to-analog converter (DAC), a comparator,
and SAR logic. 50

6. The ADC of claim 1, the second amplifier 1s current-
time converter.

7. The ADC of claim 1, the second amplifier 1s configured
to perform current-time conversion of the residual output
current 1n response to a second sampling clock signal. 55

8. The ADC of claim 1 further comprising a digital
calibration logic configured to receive and combine the first
digital signal, the second digital signal, and the third digital
signal.

9. The ADC of claim 1, wherein a tull-scale range of the
residual mput time, which 1s an output of the second
amplifier, matches a full-scale range of the time-digital
converter.

10. The ADC of claim 1, wherein the second stage ADC
comprises a current digital-to-analog converter (DAC) for .
receiving the residual mput current and a reference current,
and generating a differential voltage corresponding to a
difference between the residual mput current and the refer-
ence current using a resistor;

a comparator comparing the differential voltage, and ,,

outputting a comparison result; and

SAR logic generating the second digital signal based on

the comparison result.
11. The ADC of claim 10, wherein an operating speed of
the ADC 1s determined by a product of a parasitic capaci- ,s
tance of the second stage ADC and the resistor.
12. An analog-to-digital converter (ADC), comprising:
an analog-time converter configured to convert a residual
analog signal remaiming after generating a first digital
signal from an analog input signal using a successive s,
approximation register (SAR) into a residual time 1n a
time domain; and
a time-digital converter configured to receive the residual
time, and generate a second digital signal from the
residual time, 55

wherein a full-scale range of the residual time, which 1s an
output of the analog-time converter, matches a full-
scale range of the time-digital converter.
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13. The ADC of claam 12, wherein the analog-time
converter comprises a current-time converter comprising:

a capacitor configured to be charged with a residual
current during a turn-on time of a sampling clock;

a current source configured to supply a discharge current
for discharging the capacitor; and

a comparator configured to compare a voltage of a node
between the capacitor discharged with the discharge
current and the current source with a reference voltage,
and outputting a point in time at which the voltage of
the node reaches the reference voltage as the residual
time,

wherein the first digital signal and the second digital
signal are sequences ol digital codes representing
respective signal levels of the analog input signal.

14. The ADC of claim 13, wherein a magnitude of the

discharge current 1s full-scale of the residual current.

15. The ADC of claim 13, wherein a full-scale range of the
residual time, which 1s an output of the current-time con-
verter, 1s determined by the turn-on time of the sampling
clock.

16. An analog-to-digital converter (ADC) comprising:

a lirst stage having an analog signal mput terminal of a
first domain, a signal processing section of the first
domain, a digital signal output terminal, and a residual
analog signal output terminal of a second domain; and

a second stage having an analog signal 1input terminal of
the second domain, a signal processing section of the
second domain, and a second digital signal output
terminal,

wherein the first and second domains are different from
cach other and selected from a voltage domain, a
current domain, a time domain, or a frequency domain.

17. The ADC of claim 16,
wherein the first domain 1s the voltage domain,

wherein the second domain 1s the current domain.

18. The ADC of claim 16,

wherein at least one of the first or second domains 1s a
voltage or current domain, and the corresponding at
least one of the first or second signal processing sec-
tions comprises successive approximation registers
(SAR).

19. The ADC of claim 16,

turther comprising digital calibration logic connected to
cach of the first and second digital signal output ter-
minals.

20. The ADC of claim 16, wherein the second stage has

a second residual analog signal output terminal of a third
domain,

the ADC further comprising a third stage having an
analog signal mput terminal of the third domain, a
signal processing section of the third domain, and a
third digital signal output terminal,

wherein the third domain 1s different from each of the first
and second domains and selected from a voltage
domain, a current domain, a time domain, or a fre-
quency domain.
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